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Embryo quality is a critical parameter in assisted reproductive technologies. Although embryo quality can 
be evaluated morphologically, embryo morphology does not correlate perfectly with embryo viability. To 
improve this, it is important to understand which molecular mechanisms are involved in embryo quality 
control. Autophagy is an evolutionarily conserved catabolic process in which cytoplasmic materials 
sequestered by autophagosomes are degraded in lysosomes. We previously demonstrated that autophagy is 
highly activated after fertilization and is essential for further embryonic development. Here, we developed a 
simple fluorescence-based method for visualizing autophagic activity in live mouse embryos. Our method is 
based on imaging of the fluorescence intensity of GFP-LC3, a versatile marker for autophagy, which is 
microinjected into the embryos. Using this method, we show that embryonic autophagic activity declines 
with advancing maternal age, probably due to a decline in the activity of lysosomal hydrolases. We also 
demonstrate that embryonic autophagic activity is associated with the developmental viability of the 
embryo. Our results suggest that embryonic autophagic activity can be utilized as a novel indicator of 
embryo quality. 



The recent development of assisted reproductive technologies (ART), such as in vitro fertilization (IVF), 
allows us to assess embryo quality prior to embryo transfer. In humans, it is generally recognized that 
multiple embryo transfer increases not only the chance of pregnancy but also the risk of multiple pregnan- 
cies 1 . Thus, selecting the most viable embryo is a critical step for ART. Embryo quality is usually classified 
according to embryo morphology 2 ; however, these assessments do not always correlate perfectly with embryo 
viability. To overcome these issues, it is important to understand which molecular mechanism(s) can affect 
embryo viability. 

In most animal species, the transformation from differentiated oocyte to totipotent embryo after fertilization, 
known as the oocyte-to-embryo transition, is critical for further embryonic development 3 . As this transition is 
completed during a short period, the embryo must activate bulk degradation systems in order to eliminate 
unnecessary maternal factors and recycle them for use in the synthesis of new zygotic products. 

Macroautophagy (referred to hereafter simply as autophagy) is an evolutionarily conserved catabolic process in 
which portions of the cytoplasm sequestered by double-membrane structures (autophagosomes) are delivered to 
lysosomes, resulting in the degradation of cytoplasmic content by lysosomal proteases 4 . The basic roles of 
autophagy are the production of necessary amino acids during starvation and the maintenance of intracellular 
quality by eliminating misfolded proteins and abnormal organelles. In addition, autophagy is involved in many 
other processes, including cancer, aging, cell death, viral infection, and development 5 . Previously, we reported 
that autophagy is highly induced after fertilization, and that autophagy- deficient embryos die before implanta- 
tion 6 ; these observations highlight the importance of autophagy during preimplantation mammalian embryonic 
development. These findings led us to visualize autophagic activity in live embryos and to investigate the 
functional links between autophagic activity, maternal aging, and embryonic viability. 
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Results and discussion 

Microtubule-associated protein 1 light chain 3 (LC3), a mammalian 
homolog of yeast Atg8, is a versatile marker of autophagy; phospha- 
tidylethanolamine (PE)-conjugated LC3 (LC3-II: lipidated form) 
associates predominantly with autophagosomes until they undergo 
fusion with lysosomes 7 . Similar to endogenous LC3, green fluor- 
escent protein fused to the N-terminus of LC3 (GFP-LC3) is com- 
monly utilized to observe autophagy, both in cultured cells and whole 
organisms 8 . Although autophagy can be visualized by observing 
punctate GFP-LC3 structures (which primarily represent autopha- 
gosomes) under a fluorescence microscope, the entire autophagic 
process cannot be monitored'. However, because total cellular 
GFP-LC3 is degraded as an autophagic substrate in the lysosomes, 
turnover of this protein correlates well with overall autophagic activ- 
ity. Therefore, quantitation of the total fluorescence intensity of GFP- 
LC3 has been used to monitor autophagic activity 10 . This method, 



generally accepted as an assay for autophagic flux, also allows autop- 
hagic activity to be monitored in living cells. 

Taking advantage of the fact that total GFP-LC3 fluorescence 
decreases when autophagy is activated, we attempted to visualize 
autophagic activity in live mouse embryos. To this end, we micro- 
injected mRNA encoding GFP-LC3 into 1-cell embryos, obtained 
5 h after IVF, and visualized total fluorescence at the indicated time 
points under constant fluorescence settings (Fig. 1A). We detected 
bright GFP-LC3 fluorescence at the 2-cell stage (24 h after IVF), but 
this fluorescence rapidly disappeared at the 4-cell stage (50 h after 
IVF); no fluorescence was observed in the subsequent stages 
(Fig. IB). This result is consistent with our previous study using 
GFP-LC3 transgenic mice 8 in which the total level of GFP-LC3 fluor- 
escence declined during early embryonic development 6 . Therefore, 
this experiment demonstrates the successful visualization of autop- 
hagic activity in live wild-type embryos. 
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Figure 1 | Visualization of autophagic activity during preimplantation embryonic development. (A) Experimental scheme for imaging autophagic 
activity in live embryos. (B) Visualization of total GFP-LC3 fluorescence during preimplantation embryonic development. Embryos injected with GFP- 
LC3 mRNA were observed from the 2-cell to morula stage under constant fluorescence settings. (C) Comparison of GFP-LC3 and control RFP 
fluorescence intensity in developing embryos cultured with or without BafAi. (D) Graph showing total fluorescence intensities of GFP-LC3 and control 
RFP during embryonic development; values are expressed relative to the fluorescence at the 2-cell stage. Values are the mean ± s.e.m. of three different 
experiments, with at least 10 embryos analyzed per group. **P < 0.01 (Student's f-test). (E) GFP-LC3 mRNA was injected into 1-cell embryos collected 
either from Atg^'""'* ;Zp3-Cre (control; Cont) or Atg$ lm, ~;Zp3-Cre (oocyte-specific Atg5 knockout; KO) females mated with Atg5 +/+ (wild-type) males, 
and total fluorescence was observed during embryonic development. (F) Western blotting with GFP and LC3 antibodies shows GFP-LC3 turnover and 
endogenous autophagic activity during preimplantation development. Forty embryos were loaded in each lane, and tubulin was used as the loading 
control. DIC, differential interference contrast. Parentheses, time after IVF (B, C, E, F). Scale bars, 100 u.m (B), (C), (E). 
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Figure 2 | Decline of autophagic activity with advancing maternal age. (A) Comparisons of GFP-LC3 and control RFP fluorescence during the 
development of embryos from young (2 months) and aged (14-15 months) mothers. Embryos that retained GFP-LC3 fluorescence are indicated by 
arrows. (B) Graph showing the total fluorescence intensities of GFP-LC3 and control RFP during embryonic development; values are expressed relative to 
the fluorescence at the 2-cell stage. Values are the mean ± s.e.m. of three different experiments, with more than 5 embryos analyzed per group. 
(C) Comparison of the localization of GFP-LC3 (green) and Lampl (red) between embryos from young and aged mothers. The insets show higher 
magnification images. (D) Comparisons of the number of GFP-LC3 puncta and lysosomes per blastomere between embryos from young and aged 
mothers, and of the percentage of co-localization of GFP-LC3 with lysosomes. Numbers of embryos analyzed are shown above the bars. Scale bars, 
100 urn (A) and 10 urn (C). Error bars, s.e.m.; *P < 0.05 (Student's f-test). 



To validate our visualization of GFP-LC3 degradation in devel- 
oping embryos, we first investigated whether the reduction in GFP- 
LC3 fluorescence occurs in an autophagy-dependent manner. We 
injected embryos with a mixture of GFP-LC3 and control red fluor- 
escent protein (RFP) mRNAs, and incubated them with bafilomycin 
Ai (BafAi), an inhibitor of the lysosomal vacuolar proton pump that 
increases lysosomal pH, thereby blocking lysosomal protease activ- 
ity. Previously, we demonstrated that BafAj treatment does not affect 
embryonic development until the 8-cell stage 11 . The fluorescence 
intensity of GFP-LC3 remained high in the presence of BafA^ 
whereas the fluorescence decayed rapidly in non-treated embryos 
(Fig. 1C and Supplementary Videos SI, 2). By contrast, RFP fluor- 
escence remained stable over the period monitored (Fig. 1C). At the 
4-cell stage, BafAi treatment resulted in a 45% reduction in GFP-LC3 
degradation compared with non-treated embryos, whereas RFP was 
unaffected (Fig. ID). Confocal microscopic analysis revealed a mas- 
sive accumulation of GFP-LC3 dots (which represent autophago- 
somes) in the BafAj-treated embryos (Supplementary Fig. SI). We 
observed similar trends in GFP-LC3 fluorescence when we treated 
embryos with various lysosomal or autophagic inhibitors 
(Supplementary Fig. S2A, B): E64d and pepstatin A, which inhibit 
lysosomal proteases; and wortmannin, which inhibits the Class III 
phosphoinositide 3-kinase pathway, thereby preventing autophago- 
some formation 12 . 

To further confirm that the reduction in GFP-LC3 fluorescence is 
dependent on autophagy, we microinjected GFP-LC3 mRNA into 
autophagy-deficient embryos, collected from oocyte-specific Atg5- 
knockout females mated with wild-type males, and monitored 



fluorescence under the same conditions described above. As expected, 
the total fluorescence of GFP-LC3 was not reduced in autophagy- 
deficient embryos even in the morula stage (Fig. IE). In addition, the 
fluorescence level of neither GFP alone nor GFP-rerl (GFP targeted 
to the Golgi membrane 13 ) changed during the monitored period (data 
not shown). Taken together, these results indicate that the reduction 
in GFP-LC3 fluorescence is mainly due to increased autophagic 
degradation, rather than intrinsic GFP instability. 

We next analyzed the association between endogenous autophagic 
activity and the timing of GFP-LC3 degradation during embryo 
development. To achieve this, we microinjected embryos with 
GFP-LC3 mRNA and cultured them in the presence or absence of 
BafA]. At the indicated times, the embryos were subjected to western 
blot analysis using an anti-GFP antibody and an anti-LC3 antibody 
that recognizes endogenous LC3-I (cytoplasmic form, apparent 
mobility: MW = 17 kDa) and LC3-II (membrane-bound form, 
apparent mobility: MW = 15 kDa). The analysis revealed that 
GFP-LC3 was present at the 2-cell stage, but degraded rapidly during 
the 4- and 8-cell stages (Fig. IF). By contrast, endogenous LC3-II 
content significantly increased at the 4- and 8-cell stages, a period 
that corresponds to the massive decay in GFP-LC3 fluorescence that 
we observed in the developing embryos. Moreover, BafA t treatment 
completely blocked GFP-LC3 degradation and increased both GFP- 
LC3-II and endogenous LC3-II content (Fig. IF), indicating that 
GFP-LC3 degradation was due to increased autophagic flux. These 
results also suggest that the increase in autophagic activity during the 
4- and 8-cell stages is required for the massive degradation of GFP- 
LC3. In addition, because the LC3-I and LC3-II content in embryos 
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Figure 3 | Autophagic activity is related to the developmental ability of the embryo. (A) Categorization of 4-cell embryos into good or poor 
embryos based on GFP-LC3 fluorescence intensity. Embryos judged as poor are shown as red circles. Scale bars, 100 urn (B) Hatched blastocyst 
developmental rates of good and poor embryos. Numbers of embryos analyzed are shown above the bars. Error bars, s.e.m.; **p< 0.01 (Student's Mest). 
(C) Full-term developmental rates of good and poor embryos. Numbers of pups analyzed are shown above the bars. Error bars, s.e.m.; **P < 0.01 
(Student's f-test). (D) Photograph showing embryonic development in Day 19 uteri of foster mothers that had received the same number of embryos 
categorized as good (upper) or poor (bottom). 



microinjected with GFP-LC3 was similar to that in non-injected 
embryos, it is unlikely that the overexpression of GFP-LC3 interfered 
with endogenous autophagic activity. 

Aging in several model organisms and tissues reflects, at least in 
part, a decrease in autophagic activity 14 , leading us to predict that 
autophagic activity might be reduced in mouse embryos from aged 
mothers. To test this hypothesis, we used in vitro fertilized embryos 
derived from 14-15-month-old females, in which the number of 
ovulated oocytes was significantly decreased (Supplementary Fig. 
S3A), a well-known hallmark of maternal aging 15 . Conversely, the 
rates of IVF and the subsequent development of embryos from aged 
mothers were similar to those of embryos from young mothers 
(Supplementary Fig. S3B). To determine whether embryonic autop- 
hagic activity declines during aging, we microinjected GFP-LC3 
mRNA into 1 -cell embryos from either young (2-month-old) or aged 
(14-15-month-old) females and visualized autophagic activity dur- 
ing embryonic development. The total fluorescence levels were 
higher in some embryos from aged mothers than in embryos from 
young mothers (Fig. 2A, B), although there was no significant dif- 
ference in the developmental process itself throughout the 4-cell 
stage (50-51 h after IVF) (Supplementary Fig. S3C). Quantitation 
revealed that the numbers of autophagosomes (GFP-LC3 dots) and 
lysosomes (Lamp 1 -positive dots) were not significantly different 
between embryos from young and aged mothers (Fig. 2C, D). 
However, the extent of the co-localization of GFP-LC3 and Lampl 
(i.e., the number of dots positive for both GFP-LC3 and Lampl, 
shown as yellow dots in Fig. 2C) was significantly higher in embryos 
from aged mothers (Fig. 2C, D). The high levels of co-localization of 
GFP-LC3 with Lampl reflect a decrease in lysosomal clearance dur- 
ing aging. To test this speculation, we stained embryos with DQ-Red 
BSA, a derivative of BSA conjugated to a self-quenching red fluor- 
escent dye that is de-quenched by lysosomal proteases, and observed 



its fluorescence signals at the 4-cell stage. Confocal imaging analysis 
showed that the number of DQ-Red BSA dots was significantly lower 
in embryos from aged mothers (Supplementary Fig. S4A, B), sup- 
porting our speculation that aging is associated with a decline in 
lysosomal hydrolase activity, resulting in the decreased clearance of 
GFP-LC3 in lysosomes. 

Our successful visualization of autophagic activity in live embryos 
prompted us to test whether our method could be applied to the 
assessment of embryonic viability. To this end, we imaged autopha- 
gic activity at the 4-cell stage and categorized embryos into two 
groups according to their GFP-LC3 fluorescence level: embryos with 
low or high fluorescence were classified as good or poor, respectively 
(Fig. 3A and Supplementary Table SI). These embryos were further 
cultured until the hatched blastocyst stage or transferred to a pseudo- 
pregnant foster mother. Approximately 80% of the good embryos 
developed to the hatched blastocyst stage, whereas only around 50% 
of the poor embryos did (Fig. 3B). In addition, the ability to implant 
and undergo full-term embryonic development was significantly 
higher in the good embryos than in the poor embryos (Fig. 3C, D, 
and Supplementary Table SI), suggesting that autophagic activity is 
related, at least in part, to the ability of an embryo to undergo normal 
development. 

In this study we developed a simple fluorescence-based method for 
visualizing autophagic activity in live embryos. Using this method, 
we showed that autophagic activity declined in embryos from aged 
mothers, probably due to a decline in lysosomal protease activity. We 
also demonstrated that autophagic activity is associated with embryo 
viability. Clinically, for ART including IVF, it is critical to select 
embryos with high developmental potential to increase the chance 
of pregnancy after transfer to the uterus. To date, however, few 
reliable methods are available for evaluating the competence of indi- 
vidual embryos. Although the monitoring of autophagic activity 
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must be improved for our method to be applied to human embryos, 
we believe that in combination with other methods, such as the 
evaluation of embryo morphology 2 and cytoplasmic flow 16 , our 
method could facilitate more reliable predictions of embryonic viab- 
ility. Our findings may also have therapeutic potential, in that embry- 
onic quality might be improved or maintained if autophagic activity 
could be regulated artificially. To achieve this, further analysis would 
be required on how to control fertilization-induced autophagy pre- 
cisely at the molecular level. 

Methods 

Mice and embryo culture. All animal experiments were performed in accordance 
with the relevant guidelines and regulations and were approved by the Animal Care 
and Use Committee of the National Institute of Radiological Sciences. The mice used 
in this study were C57BL/6 and MCH (ICR) supplied by SLC and Charles River, 
respectively. Oocyte- specific Afg5-knockout mice were generated as described 
previously 617 . For IVF, females were superovulated by intra -peritoneal injections of 
5 IU pregnant mare's serum gonadotropin (PMSG; Asuka Pharmaceutical) and 5 IU 
human chorionic gonadotropin {hCG; Asuka Pharmaceutical) at an interval of 46- 
48 h. Metaphase II (Mil) oocytes were collected from females 14-16 h after hCG 
injection, cultured in mHTF medium, and inseminated with spermatozoa collected 
from the cauda epididymis of a >12-week-old C57BL/6 male. Fertilized embryos (1- 
cell embryos), exhibiting 2 pronuclei and a second polar body, were collected 5 h after 
insemination and used for microinjection. One-cell embryos were further cultured in 
KSOM-AA medium, except for those used for live-cell imaging, which were cultured 
in CZB medium. In some experiments, the embryos were co-cultured with the 
following reagents, diluted in KSOM-AA medium: BafAi (200 nM; Wako), E64d and 
pepstatin A {10 uM and 10 ug/ml, respectively; Peptide Institute, Inc.), and 
wortmannin (200 nM; Sigma). All the media used in this study were routinely made 
in our laboratory 18 . Embryo culture was performed under mineral oil (Sigma) in an 
atmosphere of 5% C0 2 in air at 37°C. In some experiments, 4- cell embryos were 
transferred into the oviducts of pseudo-pregnant ICR females on Day 1 after mating 
with vasectomized ICR males. These females were sacrificed at Day 19, and 
implantation sites and pups were counted. 

RNA synthesis and microinjection. For in vitro mRNA synthesis, the cDNA 
fragment of rat LC3 was cloned into the eukaryotic expression vector pcDNA3.1 
(Invitrogen), which contained a GFP-epitope tag, to yield GFP-LC3. For transcription 
of EGFP and RFP mRNAs, the EGFP or RFP cDNA alone was cloned into the 
pcDNA3.1 expression vector. After validating the sequence, these constructs were 
linearized, and capped mRNAs with poly(A) tails were synthesized using the 
mMESSAGE mMACHINE Ultra Kit (Ambion) according to the manufacturer's 
instructions. The synthesized mRNA was purified using a MegaClear Kit (Ambion), 
and the mRNA concentration was determined using NanoDrop (Thermo Fisher) or 
e-Spect (Malcom). Before microinjection, the mRNA was diluted in TE buffer (pH 
7.4) to 100 ng/ul and then filtered using Ultrafree-MC (Merck Millipore) to remove 
insoluble materials. We titrated the mRNA concentration without a detrimental effect 
on embryonic development (>80% of the injected embryos developed normally into 
blastocysts), and all injection experiments were carried out using 100 ng/ul of the 
mRNA in TE buffer. Microinjection was performed as previously described 11 . 

Fluorescence microscopy. To visualize GFP-LC3 fluorescence in the developing 
embryos, 1-cell embryos microinjected with the indicated RNAs (described above) 
were placed in 1-2 ul of PB1 medium under mineral oil in a glass-bottomed dish 
(Matsunami Glass) and observed at the following stages and time points: 2-cell, 4-cell, 
morula, and blastocyst stages were observed 24, 50, 72, and 96 h after IVF, 
respectively. We used an Olympus 1X70 inverted microscope equipped with a DP72 
CCD camera (Olympus), a 10X objective lens (NA0.3; Olympus), and an ND6 
neutral density filter (Olympus), which allowed the transmission of only 6% of the 
total fluorescence to the embryos. Fluorescence images of live embryos were captured 
in 5-sec exposures and analyzed using LuminaVision software (Mitani Corporation). 
The fluorescence intensity in all embryos was measured at the indicated stages using 
ImageJ software (National Institutes of Health). The imaging procedure for each 
sample was completed within 5 min. The imaged embryos were further cultured in 
KSOM-AA. 

To categorize GFP-LC3 injected embryos at the 4-cell stage into either good or poor 
embryos (see Fig. 3A), the whole fluorescence intensity of individual embryos, 
including the nucleus and cytoplasm, was measured using ImageJ and compared to 
that obtained from the embryos co-cultured with the lysosomal inhibitor BafAi. 
Embryos with similar fluorescence levels of the BafAi -treated embryos (an average of 
26.5, s.d. = 5.0, n — 55) were predicted as poor, while the embryos with lower 
fluorescence levels than the BafAi-treated embryos (an average of 12.5, s.d. = 3.7, n = 
87) were predicted as good. The average fluorescence intensities of the good and poor 
embryos are shown in Supplementary Table 1. To exclude the possibility that dif- 
ferences in GFP-LC3 expression levels affected the fluorescence decay, only those 
embryos with highly similar GFP-LC3 fluorescence levels at the 2-cell stage were used 
in this study. The two groups of embryos were either cultured separately or trans- 
ferred immediately to a foster mother. 



For time-lapse imaging, GFP-LC3 injected embryos that had developed normally 
to the 2-cell stage were transferred into 5 ul of CZB medium in a glass-bottomed dish. 
Fluorescence images were recorded at 1-h intervals over 48 hours using a BioStation 
(Nikon) with the following settings: objective lens, 20 X NA0.5; filter, FITC (488 nm); 
light, 3%; exposure time, 1 s; gain, 46; resolution, 1280 X 960. The internal tem- 
perature was maintained at 37 C in an atmosphere containing 5% C0 2 . We con- 
firmed that the imaged embryos developed normally from the 2-cell to morula stage 
under these settings. 

Embryo staining. Embryos were fixed in 3.7% paraformaldehyde in phosphate- 
buffered saline (PBS) for 20 min. After blocking and permeabilization in PBS 
containing 0.4% Triton X-100, 10% goat serum, and 3% bovine serum albumin (BSA; 
Sigma) at 4°C overnight, the embryos were stained with antibodies against Lampl 
(1 : 200; Abeam ab25245) overnight at 4°C. After washing with 3% BSA in PBS, the 
embryos were stained with anti-rat IgG DyLight IM 549 (1 : 750; Rockland) for 50 min 
at room temperature. After further washing, the embryos were placed in glass- 
bottomed dishes and observed with an FV1000 (Olympus) laser scanning confocal 
system. For DQ-Red BSA staining, 2-cell embryos were washed in BSA-free PB1 
containing 3 mg/ml polyvinylpyrrolidone (PVP; Sigma) and cultured with 50 ug/ml 
DQ-Red BSA (self- quenching red BODIPY dye conjugated to BSA; Molecular 
Probes) for 30 min at 37°C on a warm plate. After staining, the embryos were washed 
three times with PB1 and further cultured in KSOM-AA until use. DQ-Red BSA- 
stained embryos were fixed in 3.7% paraformaldehyde as described above and 
observed using an FVlOi (Olympus). Fluorescence measurements and dot counts 
were performed using ImageJ software. 

Western blotting. Forty embryos injected with or without GFP-LC3 mRNA were 
collected at the indicated stages, washed more than four times in PBS containing PVP 
instead of BSA, and then lysed in 10 ul of 4X Laemmli sample buffer (Sigma). These 
samples were separated by SDS-PAGE (13.5% gel) and transferred to PVDF 
membranes. The membranes were probed with anti-GFP (1 : 1,000; Wako mFX75), 
anti-LC3 (1 : 1,000; Sigma L7543), and anti-tubulin (1 : 1,000; Cell Signaling #2148) 
antibodies, followed by horseradish peroxidase-conjugated secondary antibodies 
(1 : 10,000; Cell Signaling #7076 for GFP, #7074 for LC3 and tubulin, respectively). 
When necessary, the antibodies were diluted in XL-Enhancer solution (APRO 
Science) to enhance signal intensity. Western Lightning Ultra (PerkinElmer) was 
used for the chemiluminescence reaction. The signals were obtained using a 
ChemiDoc-It BioChemi (UVP). 

Statistical analysis. Data were analyzed using GraphPad Prism 5 (GraphPad 
Software, Inc.), and are expressed as means ± s.e.m., except those in Supplementary 
Table 1 . Two-tailed Student's t tests were used to evaluate significance and calculate P 
values. P values less than 0.05 were considered to represent statistically significant 
differences. 
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